INTRODUCTION
As hyperoxygenation may have some relevance to pathogenesis of retinopathy of prematurity (ROP), 1 -3 measurement of the level of oxygenation in newborns with as much accuracy and little morbidity as possible is valuable. Currently, pulse oximetry is used most frequently to monitor a neonate's oxygen status. 4, 5 While the pulse oximeter instrument is helpful in the normal range of oxygen tension, it has limitations. Because its output reads as ''percent saturation'' of hemoglobin, it is dependent on the hemoglobinoxygen dissociation curve. Whether the hemoglobin in question is fetal or adult, the upper part of the curve reaches 100% saturation at an oxygen tension of nearly 100 mm Hg and continues to read 100% regardless of how much higher the blood oxygen tension climbs. Therefore, the pulse oximeter is of limited use in alerting clinicians to the levels of hyperoxemia that may predispose infants to ROP.
The trancutaneous oxygen monitor is currently available, but can be problematic. The necessity to burn through the keratin layer to measure the oxygen level from capillaries can produce artifact. 6 In addition, it often causes small cutaneous burns, forcing frequent relocation of the sensor.
The conjunctival oxygen monitor was originally devised to address this and other concerns (Figure 1) . 7 This noninvasive device rests on the conjunctiva and continuously displays the partial pressure of oxygen (in units of mm Hg) in the tissue. It automatically calibrates to anoxia and ambient atmospheric oxygen before actual use. Regardless of how elevated or depressed the blood oxygen tension becomes, the monitor responds with the correct conjunctival value. The sensor is mounted at one end of an ovalshaped conformer made of polymethylmethacrylate -the material of many contact lenses. The oval shape permits the device to avoid the cornea and allows the eye to move freely. The sensor is a miniaturized Clark-type electrode consisting of a platinum cathode and a silver-silver chloride anode. A precise thermister accurately measures conjunctival temperature to provide information to the microprocessor to make appropriate compensations. When placed on the eye, the sensor engages the conjunctiva of the internal eyelid in the superolateral quadrant ( Figure 2) . Cables connect the sensor to
OBJECTIVE:
To report the first use of a noninvasive conjunctival oxygen monitor in neonates. We wished to investigate if measuring the partial pressure of oxygen directly from the conjunctiva could track hyperoxia and hypoxia as well as, or better than, pulse oximetry. This has the potential to reflect brain oxygenation while yielding important systemic information.
STUDY DESIGN:
Criteria standard.
SETTING:
Tertiary care hospital neonatal intensive care unit.
PATIENTS:
Ten newborns monitored with pulse oximetry.
INTERVENTION:
The conjunctival oxygen monitor was studied for effectiveness and safety and compared to pulse oximetry.
RESULTS:
The device remained on the eyes up to 120 minutes. The correlation coefficient between conjunctival oxygen tension and pulse oximetry was significant for all readings ( p < 0.001 ) and for pulse oximetry measurements below 100% ( p = 0.024 ). One infant developed eyelid edema, which subsided when the device was removed and one sustained a small corneal abrasion that healed overnight.
CONCLUSION:
This initial pilot report suggests that the conjunctival oxygen monitor is effective and relatively safe in neonates. Original Article
the monitor that displays the conjunctival tissue oxygen tension and temperature.
Before studying the conjunctival oxygen monitor in children, it was studied in a number of situations in adults. 7 Vasoconstrictive eye drops were shown to profoundly reduce conjunctival oxygen. 8 In eyes of diabetics, as the stage of diabetic retinopathy worsened, hypoxia of the conjunctiva was demonstrated to also worsen. 9 This finding supports the hypothesis that hypoxia drives the development of neovascularization in the diabetic eye. Patients with sickle cell disease were found to have normal conjunctival oxygen tension when asymptomatic (59±8 mm Hg), but to develop conjunctival hypoxia during crisis (45±13 mm Hg). 10 This led to the suggestion that conjunctival oxygen levels could be used as a test for sickle cell crisis. Patients with systemic hypertension were found to have reduced conjunctival oxygen levels, whereas smokers did not. 11 The conjunctival capillaries and associated tissue oxygen levels were affected more by changes induced by systemic hypertension than by chronic smoking. The conjunctival oxygen monitor has also been found useful in emergency situations 12 and to estimate cerebral blood flow. 13 After this experience in adults, we desired to test the conjunctival oxygen monitor in neonates and present these pilot data.
METHODS
We prospectively studied 10 newborns in a neonatal intensive care unit. In accordance with the protocol, the device was studied on infants deemed sufficiently healthy by the neonatologists to tolerate the testing, but who were still monitored with pulse oximetry. Since the relationship between arterial blood oxygen and pulse oximetry has been well documented, we decided to contrast the new conjunctival monitor only to pulse oximetry to permit a more continuous comparison. Written informed consent was obtained from a parent or legal guardian before study. The Human Subjects Committee of the Harbor-UCLA Medical Center approved the protocol.
Prior to adapting the adult conformer for infants, the difference in size of the conjunctival fornix and eyelids between neonates and adults had to be considered. Isenberg, McCarty, and Rich studied 55 preterm and term infants and carefully measured the growth of the neonatal fornix and anterior orbit.
14 They found profound differences between neonates and adults not only in the dimensions, but also in the shape of the structures. The ratio of the horizontal to vertical diameters of the conjunctival fornix was found to be 1.2 in neonates, but 0.9 in adults. The silver conformers used in that study served as models to design a conformer for neonates. Due to the rapid growth of the anterior orbital structures in preterm and term neonates, we needed to develop three differently sized polymethylmethacrylate conformers to house the sensors in order to properly fit neonates. Whereas one of the three neonatal sized conformers was found to fit nine of the study babies, one newborn was difficult to fit, causing us to remove the conformer after 35 minutes, as noted below.
The eyes of all infants were examined prior to study and were determined to be structurally normal. A drop of a topical ophthalmic anesthetic was administered to the eye to be tested just prior to insertion of the device. As we experienced in adults, the infants seemed comfortable with the instrument on the eye even after the anesthetic effect had worn off as evidenced by their return to sleep while the device was engaged. After calibration to anoxia and ambient oxygen, an oval polymethylmethacrylate conformer containing a conjunctival sensor was placed on the eye to allow the sensor to engage the superolateral palpebral conjunctiva, while preventing contact between the conformer and the cornea. It was then connected to the conjunctival oxygen monitor (TO 2 M 2000 Tissue Oxygen Monitoring System; Biomedical Sensors, High Wycombe, UK). With one exception, the infant's eyelids always closed over the device. If the conformer was felt to be too mobile, a small strip of tape was placed across the wire and skin lateral to the eye for stabilization. Recordings were begun when the conjunctival oxygen readings stabilizedgenerally within 2 minutes of insertion when the infants were not crying. Simultaneous measurements of conjunctival oxygen tension and pulse oximetry were recorded every 5 minutes or as close as possible to every 5 minutes when the infant was not moving. Measurements were recorded even if the infants were experiencing apnea or bradycardia.
RESULTS
The infants had a mean postconceptional age of 31.5 ( ±1.5) weeks and weight of 1295 ( ±262) g at the time of testing. The supplemental oxygen administered to the infants at the time of study varied from 40% FiO 2 via mask to none (room air).
The device remained on the eye a mean of 67 minutes (range: 35 to 120). The sensor was removed from the eye prior to the desired minimum testing time of 1 hour in two infants. In one, the plastic conformer was too large and did not permit the eyelids to fully close naturally. In a second infant, eyelid edema ensued during the testing, which subsided about an hour after the instrument was withdrawn. No long-term adverse reaction resulted in either case. In the other eight infants, the testing exceeded 1 hour.
Ninety-four pairs of data were analyzed. The correlation coefficient between conjunctival oxygen tension and pulse oximetry was 0.487 (p<0.001). The slope was 2.15. Figure 3 demonstrates the relationship between the two parameters.
When considering only pulse oximetry readings below 100% (mean 94±5%), the corresponding mean conjunctival oxygen tension was 76 ( ±15) mm Hg. For these relationships, the Pearson correlation coefficient had a p value of 0.024.
Problems were noted in two of the infants studied. One had eyelid edema as mentioned above. A second infant, who was tested for 75 minutes, was found to have a 3-mm corneal abrasion when the sensor was removed. The abrasion completely resolved overnight after application of erythromycin ophthalmic ointment and patching.
DISCUSSION

Isenberg and Green
15 investigated conjunctival oxygen tension in 101 subjects over the age of 18 years and found the level to decrease with increasing age. The aging effect was attributed to the decreasing arterial oxygen level that was reported previously to be associated with aging and the possibility of increasing atherosclerosis in the more peripheral arterial tree. 16 At 20 years of age, the conjunctival oxygen tension measured about 70 mm Hg. If the regression formula calculated in that report (PcjO 2 = À0.8(age)+78) is applied to a neonate, the conjunctival oxygen tension should be about 78 mm Hg. Indeed, the average conjunctival oxygen tension for each baby when on room air was 84 ( ±19) mm Hg.
The concept that hyperoxemia stimulates the development of retinopathy in the presence of prematurity has long been considered. 17 More recently, exposure of the retina of newborn rats 18 and cats 19 to hyperoxia and hypoxia was shown to dispose these animals to vasculogenesis and retinopathy. This approach has support from some experiences in humans. 20 Vascular endothelial growth factor, which is thought by some to be a mediator of retinopathy, was found to be regulated by tissue oxygen in mouse 21 and cat models. 22 The recent report from the STOP-ROP Multicenter Study Group found that supplemental oxygen benefited those infants who developed prethreshold ROP without plus disease. 2 This monitor would potentially allow accurate assessment of the level of supplemental oxygen.
The three problems encountered in the study can be attributed to the conformer. Although the conformer was designed to fit the eyes of newborns, the size and shape were not ideal because one infant could not fully close the eyelids and a small corneal abrasion resulted in another. Polymethylmethacrylate is generally not offensive to the eye because it is frequently used in contact lenses. The eyelid edema displayed by one infant, however, may have been a reaction to the material. The edema subsided about 1 hour after removal of the conformer. We are now examining the possibility of making the conformer out of a more flexible material and further modifying the shape. This redesign should allow the conformer to fit better in the conjunctival fornix and avoid the aforementioned problems.
This pilot report demonstrates the correlation between pulse oximetry and conjunctival oxygen monitoring in the newborn. While the technique will undergo further refinement, there is great potential for longer-term monitoring of oxygen tension with greater accuracy and less morbidity.
